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Figure 8. Developmental Timeline for Primus EnergyPod System.

While Primus was working on scaling up and building their first full-scale system in 2014, Raytheon
orchestrated hardware-in-the-loop testing of the Miramar microgrid using the National Renewable
Energy Laboratory’s (NREL) Energy System Integration Facility (ESIF). This effort was funded by
Raytheon outside the funding of this ESTCP program; however, the benefits of the NREL testing
were heavily leveraged for this program. The intention of the NREL testing was to provide high-
fidelity evaluation of Raytheon’s IPEM MCS in a simulated operational environment with real
hardware-in-the-loop testing including simulated full-scale/full-power sources and loads. The
system testing significantly reduced risk integrating the IPEM Controller to manage the existing
Advanced Energy PV inverters at MCAS Miramar, the Primus ESS, and the various metering and
control logic of the microgrid. The testing at NREL recreated the designed Miramar microgrid at as
high a fidelity as possible. Figure 9 shows the one-line diagram for the circuit that was used at
NREL’s ESIF facility. The NREL system used the same PV inverters as MCAS Miramar, a similar
main breaker, and the same inverter and BMS used by Primus’ ESS. The results of the NREL testing
are summarized in Table 2.

Figure 9. One-line Diagram Design for Test Setup at NREL’s ESIF.



Table 2. Summary of Results from NREL Testing.

Goal

Result

The black start sequence and transition to islanding work
as anticipated within the 1 hour time requirement

Demonstrated automated black start sequencing

The ESS inverter and PV inverters power share properly
in islanding mode

Verified load sharing across operating range (0-200
kw, 0.1-1.0 PF)

The UL1741 anti-islanding algorithms do not destabilize
the ESS inverter in voltage control mode

No issues observed

Push PV penetration to >50% without destabilizing the
ESS inverter in voltage control mode

Successfully run up to 100% PV penetration (with
bi-directional power flow to ESS)

The system does not destabilize due to dynamic PV
curtailment and the system can handle load step
requirements for Miramar’s load

Characterized PV curtailment response timelines in
response to increasing and decreasing load changes

The system meets IEEE1547.4 requirements for power
quality.

No issues staying within trip points

After completing NREL testing at the end of 2014, Primus was finishing building its full-scale
system and by May 2015, they were ready to perform Factory Acceptance Testing (FAT) of the
completed ESS at their Hayward facility. The purpose of the FAT was to assess the performance
and functionality of the system compared to performance objectives defined in their statement of

work (SOW) for the program.

During the course of the ESS build, Primus continuously worked to improve their EnergyCells
energy capacity based on the third-party assessment by the SNL testing. At the time of FAT,
Primus presented their current state of the energy capacity available with the configuration of
EnergyCells that were to be delivered to MCAS Miramar. Figure 10 below shows the progression
of meeting the targeted energy capacity as Primus was able to manufacture more of its EnergyCells

to populate the system.
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Figure 10.  Energy Capacity Timeline and Scale Up from Primus since November 2013
Briefing.




At the conclusion of the FAT, the ESS was demonstrated to be functionally operational though still
lacking in the desired energy capacity performance requirement defined in the SOW. At this point
in the demonstration, Primus’ team had made tremendous progress and investment to get the system
to function as required to meet the intent of the program. As the program did not have enough time
or resources to increase the energy capacity any further, the system was accepted by Raytheon with
agreement and understanding from MCAS Miramar to deliver the system at the end of May 2015.

2.2  ADVANTAGES AND LIMITATIONS OF THE TECHNOLOGY/
METHODOLOGY

Primus’” Zn/Br flow battery approach provides advantages in cycle life, cost, and performance
when compared to similar technologies. It also offers higher current density, with electrodes that
can operate at 200 mA/cm? compared to the 50 mA/cm? of traditional Zn/Br. Primus’ biggest
discriminator is that it eliminates two common failure mechanisms in Zn/Br flow batteries (carbon
electrodes and separator membranes) by using a solid titanium electrode and not requiring a
membrane. This allows their cells to operate longer than traditional flow batteries without the
need for replacement. Component-level testing of all of the ancillary equipment and stability
testing of their cells have predicted a 20-year lifespan.

Primus’ battery still uses a Zn plating mechanism. The nature of the Zn plating requires that the
cells be completely discharged to prevent dendrite growth and maintain the health of the cells,
meaning that the EnergyCells must be periodically stripped to properly clean and maintain them.
This is handled automatically by the BMS within the EnergyPod and is transparent to the end user.
However, this requires that an EnergyCell will be periodically taken offline. The ESS will still
operate however it will be operating less one EnergyCell reducing its energy and power capacity
during those times.

One major limitation of Primus’ current system is that when the system is in islanding mode, the
ESS operates in voltage control mode and the battery is not capable of charging. This is attributed
to adequate control of plating zinc on the electrodes. Primus’ development and current algorithms
for charging the battery depend on optimal parameters for plating uniform layers of zinc on the
electrodes in the EnergyCells. When the system is in islanding mode, controlling the parameters
for plating zinc becomes more difficult and Primus has not been able to analyze this functionality
to include it in the current operation of the system. Primus’ engineers indicated that the capability
to charge the system in islanding mode is possible but requires testing the system and validating
the techniques, a next step that could not be included in this project due to time and budget
constraints.

An additional technical challenge discovered during the implementation of Primus’ ESS was the
uniformity of the zinc electroplate on the anode of the battery, which ultimately led to a decrease
in the total ESS energy capacity. This concern arose while scaling up the Zn/Br technology and
proved to be a difficult technical challenge to address due to the state-of-the-art activated solid
titanium electrode design. Obtaining a completely uniform zinc plating channel is extremely
difficult and results in the electrolyte not discharging at the theoretical rate. Primus is currently
investigating this concern and working to implement new methods for uniformly plating the zinc
electroplate. However, the issue can be addressed by adding additional EnergyCells to increase
energy capacity.
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3.0 PERFORMANCE OBJECTIVES

The performance objectives for this demonstration (Table 3), based on early discussion with
MCAS Miramar personnel, were established to meet particular mission scenarios for improved

energy security and operational cost reductions.

Table 3. Summary of Performance Objectives.
Perfo_rmgnce Metric [_)ata Success Criteria Results
Objective Requirements

Quantitative Performance Objectives

Energy Security Performance Objectives

seconds)

from command to
go into islanding
mode to ESS
discharging power

Islanding Time (hours) Meter readings Building loads are met by | Building loads were
Duration from RE system, ESS and PV for 72 hours | met by ESS and PV
ESS, and grid under controlled load for 5 hours 10
power feed conditions meeting minutes meeting
power quality standards power quality
of IEEE1547.4 standards of
IEEE1547.4; ESSis
capable of 7 hours 10
minutes
Building Load Delta Average Meter readings Building loads can be Building loads were
Reductions kWh/day usage from building reduced by 50% through | able to be manually
6311. manual changing of increased and
thermostats and lighting | decreased; increased
when compared to its by 68% when
previous year’s average compared to
for that given month baseload during
islanding test
Switchover Time | Time (minutes and | Clock timing Time is less than hour Switchover from

grid-tied to islanding
mode was 4 minutes

Operational Cost

Reduction Performa

nce Objectives

ESS Energy Energy Discharged | Meter reading of | ESS can discharge 1 ESS was able to
Storage Capacity | in kWh energy discharged | MWh of energy during discharge 390 kWh
by ESS peak shaving cycle in the lab and 290

kWh in the field

Peak Shaving

Peak Demand
Reduction (kW)

Meter readings
from RE system,

ESS is able to store
energy during off peak

ESS was able to
store energy during

ESS, and grid time and discharge 250 off-peak time and
power feed kW during peak time to discharge 100 kW
reduce peak load relative | during peak time for
to historical data over 2 hours and 45
similar time period minutes
Qualitative Performance Objectives
Ease of Degree of ease of | Survey Satisfactory rating from Survey to be issued
Operation use survey results before final report
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4.0 SITEDESCRIPTION
41  FACILITY/SITE LOCATION AND OPERATIONS

The demonstration site at MCAS Miramar is shown in Figure 11. The specific location at MCAS
Miramar where the microgrid demonstration occured is near building 6311. Building 6311 is
mainly an office building for the energy manager, public works, and Resident Officer in Charge
of Construction (ROICC). Since the building houses the energy manager and staff, the ability to
take the building offline during the islanding scenarios was easier to facilitate. The base command
endorsed the project as a major stepping stone to achieving a larger microgrid effort and was very
accommodating when scheduling outages to the integrated system and performing demonstrations.

The project’s data communications were designed to be a closed loop system avoiding any
Department of Defense Information Assurance Certification and Accreditation Process Risk
Management Framework (DIACAP/RMF) and information technology (IT) platform
certifications. The data that was collected within the IPEM Controller and the ESS was stored
locally at Miramar and could be downloaded on the base and transferred for analysis.

Figure11.  Map and Aerial Image of MCAS Miramar.

4.2  FACILITY/SITE CONDITIONS

MCAS Miramar is located in a mild climate zone in southern California. The location provides
good solar irradiance for the installed PV systems. Building 6311 was a perfect location for this
demonstration since it has its own switchgear with 230 kW of PV attached to it. The switchgear
allowed isolation of the circuit for islanding, and the PV system allowed the integration of
renewable energy into the circuit when operating in islanding mode.

Many southwestern installations have large amounts of PV installed on their facilities and many
are subject to similar 1As and UL1741 anti-islanding restrictions. This demonstration at MCAS
Miramar helped prove the concept of using energy storage in a microgrid application for
integrating RE systems when in islanding mode.
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5.0 TEST DESIGN

This goal of this demonstration was to solve two main problems. The first problem was that DoD
facilities are vulnerable to grid outages due to extreme events and are limited to non-renewable back-
up systems such as diesel generators, which are regulated and cannot be used for cost reduction
applications such as peak shaving. The second problem was that the peak electrical loads of many
DoD facilities occur during high rate periods, incurring significant costs associated with demand
charges. The demonstration aimed to answer the question: “How can an ESS, coupled with an
advanced control system, provide energy security while reducing overall facility energy costs?”

5.1 CONCEPTUAL TEST DESIGN

The Zn/Br installation consisted of a Zn/Br ESS integrated into the MCAS Miramar utility
infrastructure, which included a 230-kW carport PV subsystem and a 30-kW rooftop PV
subsystem. The ESS and the PV subsystems were controlled by the IPEM MCS, which also
controls and monitors the load demand and power quality required by the MCAS infrastructure,
the status and power generation of the PV system, and the state of health of the ESS (Figure 12).
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Figure 12.  Interconnect Diagram of Zn/Br Installation at MCAS Miramar.

The demonstration was designed to operate in two modes: 1) islanding and 2) peak shaving. The
islanding mode demonstrated the energy security performance objectives and the peak shaving
mode demonstrated the operational cost reduction performance objectives.

The primary mission for the Zn/Br installation was to provide emergency power in the case of a grid
outage. Maximizing the use of the PV system and the ESS is crucial to extend the operational life
of the system. This allows MCAS Miramar to operate independently from the grid in the case of a
physical/cyber attack or an environmental event that would otherwise shut down facility power.
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The system is connected to a 230 kW PV system that currently exists on the B5-PS2T3 switchgear.
The carport PV inverters are UL1741-certified and therefore have built-in safety features that de-
energize the inverters during a grid outage. To meet duration goals in islanding mode, these
inverters needed to be active to supplement the Zn/Br battery in providing power to the MCAS
Miramar load. To accomplish this, the PV inverters require a firm voltage source to activate and
synchronize. The ESS provided this voltage source for the islanding system, maintaining voltage
regulation of the circuit. During this mode, the circuit is isolated from the rest of MCAS Miramar’s
distribution system with the installation of a remote-operated main breaker at the point of common
coupling (PCC), which replaced the pre-existing main breaker on the B5-PS2T3 switchgear. The
main breaker opens and closes based on commands from the IPEM Controller to isolate the circuit
from the grid, thereby meeting the guidance referenced in IEEE1547.4. Since the ESS acts as the
voltage regulator for the system, it cannot charge while in islanding mode as part of its current
control software. Precise control of the zinc plating process is required for the energy cells to
operate efficiently. Primus had not fully developed the control systems and algorithms to monitor
and maintain uniform zinc plating that switches from charge to discharge quickly when operating
in voltage control mode. While the basic principle of rapid discharge and charge has been
demonstrated in their lab, the software and real-time controller code had not been developed at the
time of the demonstration and was therefore a limitation of the system used in this demonstration.

Because the ESS did not currently have the capability to charge when operating in voltage control
mode and the PV system generates more than the building load, the 230 kW PV subsystem needed
to be controlled to make sure that more power than required during islanding mode was not
generated. Typical commercial PV inverters are not capable of being actively curtailed, however
the two Advanced Energy (AE) inverters that are part of the 230 kW PV subsystem were able to
be enhanced to provide this capability. Raytheon collaborated with AE to develop a software
update to the two PV inverters, and the upgraded PV inverter communication cards and firmware
provided the capability to remotely curtail the PV power output in a subcycle timeframe via a
Modbus interface.

During islanding operation, the IPEM Controller modulated the curtailment set point of the PV
inverters to keep the power generated by the PV below the demand required by the building. The
ESS provided the remaining power delta between what the PV generated and the power required
to meet the load. Data taken during the demonstration showing this behavior is shown in Figure
13 below.
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Figure 13.  Load and Power Output Profile for the Zn/Br Installation during Islanding
Operationfphowing the Curtailment Functionality of the PV Inverter Controlled by the
IPEM Controller.

The blue line shows the load profile of the building circuit while in islanding mode. The orange line
shows the controlled power output of the PV inverters when managed by the IPEM Controller. The
power output is controlled (or curtailed) to always remain below the load while the ESS provides the
remaining power needed. Prior to starting the program, the amount that the PV inverters would need
to be curtailed was unknown, as it was dependent on the capabilities of the power electronics within
the ESS, the IPEM Controller, the response time of the AE inverters, and the behavior of the MCAS
Miramar load. Each one of these elements required detailed modelling, analysis, and testing to
validate the proper functional behavior required to make them work together.

To design the system properly, the load profile for MCAS Miramar needed to be understood. The
load profile for Building 6311 at MCAS Miramar consists of both real and reactive power
components. The reactive component of the MCAS Miramar load is mainly due to motor loads
from its heating, ventilation, and air conditioning (HVAC) systems. A plot of Building 6311’s
load profile, including the real and reactive power components, is shown in Figure 14.
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Figure 14.  Load Profile for Building 6311 Including Real, Reactive, and Apparent
Power as a Function of Time.

The data was sampled at 15-minute intervals. The power factor is plotted on the secondary axis.
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54  OPERATIONAL TESTING

Testing of the microgrid, including the demonstrations, was divided into three phases of test: 1)
system initialization and checkout, 2) grid-tied mode, and 3) islanding mode. Each phase of testing
is described in more detail below and the dates for the fielded demonstrations are shown in Table
4 below.

54.1 System Initialization and Checkout

System Initialization and Checkout consisted of installation, interconnection (power and
communication), and verification of operation and communication of the equipment prior to
demonstration start.

5.4.2 Grid-Tied Mode

The grid-tied testing was intended to demonstrate that the system was properly configured and
functionally capable of meeting the peak shaving and energy storage capacity performance
objectives.

Grid-tied mode testing achieved the following objectives:

1) Verified integrated system functionality and monitoring/fault detection functions of the
IPEM MCS in the presence of real PV source and load characteristics

2) Validated scheduled peak shaving functionality in grid-tied mode in the presence of real
PV source and load characteristics

54.3 Islanding mode

Islanding mode testing was intended to demonstrate that the system was properly configured and
capable of meeting the islanding duration, building load reductions, and switchover time
performance objectives.

Table 4. Dates and Durations of the Field Demonstrations for the Grid-tied and
Islanding Mode Testing.

Test Phase Test Date Duration
Islanding mode Islanding Operation Battery Only Isolated from Circuit 10/23/15 1 hour
(Self Powered) 10/24/15 1 hour
10/25/15 1 hour
Islanding mode Pre-1sland Conditions 10/24/15 3 days
Islanding mode Island Transition Test 10/24/15 1 day
Grid-tied Mode Energy Storage Capacity 11/15/15 1 day
11/17/15 1 day
Islanding mode Intentional Islanding with PV Tests 12/12/15 1 day
12/13/15 1 day
Grid-tied Mode Baseline Data Collection 12/29/15 1 day
Grid-tied Mode Peak Shaving 1/12/16 1 day
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